Strain relaxation studies in epitaxial magnetite, Fe 3 O 4 , thin films grown on MgAl 2 O 4 ͑100͒ substrates are reported. The study shows that the films were relaxed in line with the theoretical model prediction with a critical thickness, t c = 5 nm. Antiphase boundaries ͑APBs͒ are not expected to form in Fe 3 O 4 films grown on MgAl 2 O 4 substrates because both film and substrate have the same crystal symmetry. In contrast, our study reveals the formation of APBs within the Fe 3 O 4 films. Our analysis shows that the APBs in a Fe 3 O 4 / MgAl 2 O 4 heteroepitaxial system are formed by partial dislocations, which accommodate the misfit. This formation mechanism of APBs is fundamentally different from the one found in the Fe 3 O 4 / MgO system, where APBs are formed as a consequence of equivalent nucleation sites on the MgO substrate separated by nontranslational vectors of the Fe 3 O 4 lattice. The mechanism for the formation of antiphase boundaries through partial dislocations should be applicable to a wide range of epitaxial systems having identical symmetries of the film and the substrate and significant lattice mismatch.
I. INTRODUCTION
Magnetite ͑Fe 3 O 4 ͒ is one of the potential half-metallic ferrimagnetic materials for the realization of future spin electronic devices due to its high spin polarization, high Curie temperature ͑858 K͒, and the metal-to-insulator transition occurring at ϳ120 K, called the Verwey transition. [1] [2] [3] [4] [5] [6] Once developed, applications of this material in devices such as spin valves or magnetic tunnel junctions will likely be in the form of thin films [7] [8] [9] [10] and for that, one needs a better understanding of the strain status of the films and how to control the stoichiometry and defect density. The stoichiometry, strain, and defect structure play an important role in determining the magnetotransport and magnetic properties of Fe 3 O 4 films. 7, [11] [12] [13] [14] [15] [16] Fe 3 O 4 has an inverse spinel structure with a lattice constant of 0.83987 nm. There are many reports on the growth of Fe 3 O 4 thin films on different types of substrates such as MgO, MgAl 2 O 4 , sapphire, Si, or GaAs, using a variety of deposition techniques. 11, [17] [18] [19] [20] [21] [22] [23] [24] [25] MgO, which has a rocksalt crystal structure, is a widely used substrate for epitaxy of magnetite due to the small lattice mismatch of 0.33%. 20, 21 Antiphase boundaries ͑APBs͒ are observed in Fe 3 O 4 epitaxially grown onto MgO͑100͒ substrates. 11, [17] [18] [19] [20] [21] Since the Fe 3 O 4 ͑Fd3m͒ crystal structure is lower in symmetry than that of MgO ͑Fm3m͒, there are several equivalent nucleation sites on the MgO͑100͒ surface, which enforce the formation of APBs at the junction of neighboring grains. The APBs, which can be envisaged as the disruption of cation chains in a continuous oxygen lattice, lead to new magnetic exchange interactions, which are not present in the bulk material. 21 The exchange interactions occurring across the APBs are predominantly antiferromagnetic and the spin-polarized electrons find additional scattering potentials across these antiferromagnetically coupled APBs, which explains the observation of negative magnetoresistance in Fe 3 O 4 thin films grown on MgO substrates. 26, 27 In a recent report, Kasama et al. argued that the oppositely polarized conduction electrons from neighboring domains are antiferromagnetically coupled across the APB explaining the low spin polarization observed in magnetite films grown on MgO͑100͒ substrates. 15 In our recent report we demonstrated that the APBs relate to the observation of the absence of strain relaxation. Even at a film thickness that is ten times greater than the theoretically predicted critical thickness value in the Fe 3 O 4 / MgO heteroepitaxy system there was little strain relaxation observed. 28 There are many recent reports on the effect of APBs on the magnetic behavior 10, 12, 14, 16, 29 and the electrical transport properties 11, 13 33, 34 In this paper the strain-relaxation behavior of Fe 3 O 4 film grown by molecular-beam epitaxy ͑MBE͒ onto MgAl 2 O 4 is investigated. We find the formation of misfit dislocations with partial Burgers vectors responsible for the nucleation of APBs.
II. EXPERIMENTAL
The Fe 3 O 4 films of varying thickness in the range of 5-120 nm were deposited under identical growth conditions on ͑100͒-oriented MgAl 2 O 4 single-crystal substrates ͑cut along the ͗100͘ direction within Ϯ0.2°͒ using an oxygen plasma assisted MBE system ͑DCA MBE M600͒ with a base pressure of 2 ϫ 10 −10 Torr. The substrates were cleaned in situ at 600°C in a 5 ϫ 10 −6 Torr oxygen atmosphere for 2 h. Growth of the Fe 3 O 4 films was carried out at a substrate temperature of 250°C from a pure metallic Fe source by means of electron-beam evaporation and oxygen-free radicals generated by an electron cyclotron resonance plasma source. The plasma source was operated at a power of 80 W in an oxygen partial pressure of 1 ϫ 10 −5 Torr. Reflection high-energy electron diffraction ͑STAIB Instruments͒ was used to monitor the growth mode and growth rate of 0.3 Å / s.
Magnetization measurements were performed using an alternating-gradient field magnetometer ͑Micromag-3900, Princeton Measurements, USA͒ with a sensitivity of 10 −8 emu. The magnetization versus field ͑M-H͒ loops were measured at room temperature by applying the magnetic field ͑maximum field of 1 T͒ in the film plane along the ͗100͘ direction. The diamagnetic contribution from the MgAl 2 O 4 substrate was subtracted from the measured data by performing M-H loops of the MgAl 2 O 4 substrate of similar dimensions as that of the thin-film sample, in the same field range. The uncertainty in measuring the absolute value of magnetization for the films was about 1%.
For structural characterization of Fe 3 O 4 thin films, highresolution x-ray diffraction ͑HRXRD͒ measurements were performed using a multicrystal high-resolution x-ray diffractometer ͑Bede-D1, Bede, UK͒. The high-resolution x-ray diffractometer in double or triple axis configuration was performed to confirm the epitaxial relationship of the Fe 3 O 4 / MgAl 2 O 4 heteroepitaxy. The in-plane ͑a ʈ ͒ and out-ofplane ͑a Ќ ͒ lattice parameters were determined from the analysis of -2 scans performed around the symmetric ͑400͒ and asymmetric ͑622͒ diffraction planes common to substrate and film. When operated in triple axis configuration, this instrument can detect lattice-constant variations ͑⌬a / a͒ as low as 2 ϫ 10 −6 and enables precise determination of the strain relaxation. 28 Transmission electron microscopy ͑TEM͒ was employed to study the coherency of the interface between the Fe 3 O 4 and MgAl 2 O 4 substrate and the morphology of the APBs, using cross-sectional and plan view samples. Mechanical thinning and Ar ion milling was applied to obtain electron transparent areas within the TEM specimen. Structural defects were identified by conventional TEM using a Philips CM 20 electron microscope operated at 200 kV. Highresolution images were obtained with a Philips CM 200 electron microscope, which was equipped with a CEOS double hexapole corrector. Adjusting a negative spherical aberration constant, C s , of −40 m and using the optimum over focus setting of the objective lens of 12 nm resulted in a directly interpretable bright-atom contrast and in minimized delocalizations. 35 20, 21 Resistivity values for these films measured at 300 K were found to decrease with an increase in thickness. The resistivity values observed at 300 K for these films are 0.0099 and 0.0088 ⍀ cm for 70-and 120-nm-thick films, respectively. The Verwey transition temperatures for these films were found to be 122 and 123 K for 70-and 120-nm-thick films, respectively, and are higher than those for Fe 3 O 4 films deposited on MgO substrates. 28 The value of the Verwey transition temperature is close to the value observed for bulk Fe 3 O 4 ͑ϳ123 K͒. As the Verwey temperature is highly sensitive to deviations from stoichiometry, its presence in all the films confirms that the films consist of stoichiometric magnetite. 36, 37 To know precisely the extent of strain relaxation for a thickness above 15 nm we employed the HRXRD technique. Figure 1͑a͒ shows the -2 scans of 15-, 60-, and 120-nmthick Fe 3 O 4 films grown on a MgAl 2 O 4 oxide substrate measured for ͑400͒ Bragg planes. The curves are shifted on the vertical axis for clarity. The full width at half maximum of the thin-film peaks are 0.301°, 0.080°, and 0.076°, respectively. The substrate-film peak separation decreases with an increase in thickness. The a Ќ values determined from the film-substrate peak separation are 0.8457, 0.8441, and 0.8408 nm for 15-, 60-, and 120-nm-thick films, respectively. Figure 1͑b͒ shows -n scans measured for the asymmetric ͑622͒ Bragg planes in grazing exit geometry for the 60-and 120-nm-thick films. The experimentally measured angular ratio n of the angle included by the x ray to the detector ͑n͒ and sample ͑͒ was 2.4 and 2.2 for the 60 and 120 nm films, respectively. A value n other than 2 was required to detect the thin-film peak through a single -n scan due to the strain-induced tilt. The a ʈ determined from the ͑622͒ scan is 0.834 and 0.8371 nm for the 60 and 120 nm films, respectively. This corresponds to a relaxation of 70% and 95%. The in-plane and out-of-plane lattice parameters determined from the asymmetric ͑622͒ scans agree well with the estimates of strain relaxation for the n ratio used to perform the asymmetric scans. The strain relaxation was measured as a function of thickness in Fe 3 O 4 thin films grown on MgAl 2 O 4 and it was found that the amount of strain relaxation increases with an increase in thickness.
III. RESULTS

Magnetization measurements show that
The dark field TEM images shown in Fig. 2 reveal antiphase boundaries for both a 70-and a 200-nm-thick Fe 3 O 4 film grown onto MgAl 2 O 4 . Due to the imaging conditions chosen, APBs with shift vector a 4 ͓110͔ show bright contrasts. Clearly, the density of APBs is observed to decrease with increasing film thickness. Figure 3 displays the 70-nm-thick Fe 3 O 4 film in cross section. Two different two-beam imaging conditions were employed. Choosing a ͑040͒ imaging vector ͓Fig. 3͑a͔͒ produces an alternating black and white contrast at the interface, which is caused by misfit dislocations seen end on. Under ͑004͒ two-beam imaging conditions ͓Fig. 3͑b͔͒ the contrast of the misfit dislocation vanishes, i.e., the Burgers vector of the dislocations lies within the ͑004͒ plane. From these observations the dislocations can be concluded to be sessile since the line direction and the Burgers vector are located within the ͑004͒ plane, which is not to be known as glide plane for the spinel crystal structure. Contrast fluctuations within the Fe 3 O 4 film arise from APBs and/or local strain variations.
The interface between Fe 3 O 4 and MgAl 2 O 4 is viewed at higher magnification in the high-resolution TEM image shown in Fig. 4 . Due to the adjustment of a negative spherical aberration constant and the defocus of 12 nm in the aberration-corrected Philips CM 200 microscope, white atom contrast is established. 35 This allows in some areas of the image the assignment of the individual atom columns, e.g., served to vary. In particular, close to the core of a dislocation the contrast becomes blurred and therefore prevents a closer inspection of the atomic structure.
However, a misfit dislocation is unambiguously identified by the Burgers circuit, which reveals a closing vector of 1 4 ͓010͔. Since the projection of a three-dimensional structure to a two-dimensional one is inherent to the TEM experiment, only the Burgers vector component perpendicular to the viewing direction is detectable. This implies that the "true" Burgers vector can have an additional component in the viewing direction, i.e., along the ͓100͔ direction. Dislocations with Burgers vectors 1 4 ͓110͔ and 1 4 ͓010͔ result in the same closing vector of the Burgers circuit in ͑100͒ projection. Although we cannot determine the exact Burgers vector, we can nonetheless conclude that the misfit dislocation seen in Fig. 4 is a partial dislocation, i. e., the Burgers vector is not a translational vector of the lattice. In consequence, an APB is associated with the misfit dislocation, which separates the left and right parts of the Fe 3 O 4 film by a shift of 1 4 ͓010͔ in the ͑100͒ projection.
IV. DISCUSSION
The Fe 3 O 4 films grown onto MgAl 2 O 4 show an increasing relaxation with increasing film thickness ͑see Fig. 1 and Table I͒. In the following we employ the Fischer, Kuhne, and Richards ͑FKR͒ model 38 to estimate the critical thickness of a heteroepitaxial system above which the system exhibits strain relaxation. The critical thickness given by this model is
where b is the Burgers vector, ʈ is the misfit strain ͓ ʈ = ͑a f − a s ͒ / a s ͔, ͑a f and a s being the film and substrate lattice parameters͒, is the Poisson ratio, and is the angle between the Burgers vector and the direction in the interface normal to the dislocation line. By using the experimentally obtained value of = 0.30 ͑estimated by measuring a ʈ and a Ќ from the asymmetric Bragg reflection scans performed in grazing exit and grazing incidence modes͒, this model gives a value for t c of 5 nm for the 30, 32 although there are no mechanisms proposed earlier for the formation of APBs in this system. As the films grow thicker the density of APBs is decreased. This can be attributed to the annihilation of APBs. Since the APBs are inclined with respect to the growth direction ͑see Figs. 2 and 3͒, APBs will eventually meet as the films grow thicker. If APBs of the same shift vector join, they annihilate at the apex. From the magnetization data it could be interpreted that the density of APBs in 60 nm film is greater than that of 15 nm film since the former shows lower magnetization compared to the latter. The situation could be a bit more complex. Below t c there could be no APBs and they are formed once the misfit dislocations are formed at t c . Then gradually with increasing thickness they annihilate.
The formation of the APBs can be attributed to the generation of misfit dislocations. The misfit dislocation seen in Fig. 4 comprises a partial Burgers vector. This implies that a shift of the lattice is introduced which does not coincide with a translational vector of the lattice and hence generates an APB. This is illustrated in the schematic displayed in Fig. 6 , where the MgAl 2 O 4 and Fe 3 O 4 lattices are shown in ͑100͒ projection at the bottom and top, respectively. The large misfit of 3.4% is accommodated by two missing planes, an Fe plane, and an Fe-O plane, resulting in the Burgers vector of 1 4 ͓010͔ in ͑100͒ projection. As a result the APB marked by the arrow is formed. However, in contrast to the schematic, the APB detected in Fig. 4 seem not to follow a well-defined lattice plane, which can be concluded from the absence of a well-defined "faulty" arrangement of atomic columns. Interestingly, the initial density of APBs has to be related to the density of partial dislocations within the interface. The fact that the misfit dislocations have partial Burgers vectors can be explained by the long Burgers vector of a perfect dislocation of 0.58 nm, which forces a perfect dislocation to dissociate into partial dislocations for energetic reasons. 
